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Abstract
Rhythmic whisking behavior in rodents fully develops during a critical period about 
2 weeks after birth, in parallel with the maturation of other sensory modalities and 
the onset of exploratory locomotion. How whisker‐related sensory processing devel-
ops during this period in the primary somatosensory cortex (S1) remains poorly un-
derstood. Here, we characterized neuronal activity evoked by single‐ or dual‐whisker 
stimulation patterns in developing S1, before, during and after the occurrence of ac-
tive whisking. Employing multi‐electrode recordings in all layers of barrel cortex in 
urethane‐anesthetized mice, we find layer‐specific changes in multi‐unit activity for 
principal and neighboring barrel columns. While whisker stimulation evoked similar 
early responses (0–50 ms post‐stimulus) across development, the late response (50–
150 ms post‐stimulus) decreased in all layers with age. Furthermore, peak onset 
times and the duration of the late response decreased in all layers across age groups. 
Responses to paired‐pulse stimulation showed increases in spiking precision and in 
paired‐pulse ratios in all cortical layers during development. Sequential activation of 
two neighboring whiskers with varying stimulus intervals evoked distinct response 
profiles in the activated barrel columns, depending on the direction and temporal 
separation of the stimuli. In conclusion, our findings indicate that the temporal sharp-
ening of sensory‐evoked activity coincides with the onset of active whisking.
K E Y W O R D S
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1 |  INTRODUCTION
Rodent primary somatosensory cortex (S1) is an established 
model to study the sensory representation of tactile stimuli, 
structural and functional plasticity, perceptual decisionmaking, 
and development (Campagner, Evans, Loft, & Petersen, 2018; 
Feldmeyer et al., 2013). Whereas various aspects of single‐ and 
multi‐whisker sensory‐evoked activity have been studied in de-
tail in adult rodent barrel cortex, relatively little is known about 
cortical processing of whisker‐evoked responses in young an-
imals and its maturation during development, especially at the 
onset of active whisking behavior around postnatal day (P) 14. 
In mice, active whisking fully matures during the first three 
postnatal weeks. Vibrissae movements transition from spon-
taneous unilateral muscle twitches of the whisker pad in the 
first week after birth to regular bilateral rhythmic sweeps at 
the end of the third postnatal week (Arakawa & Erzurumlu, 
2015; Grant, Mitchinson, & Prescott, 2012; Tiriac, Uitermarkt, 
Fanning, Sokoloff, & Blumberg, 2012). During the same pe-
riod, cortical connectivity undergoes major reorganization, 
including the maturation of connectivity between layer (L) 4 
and L2/3 (Feldmeyer, Lübke, Silver, & Sakmann, 2002; Stern, 
Maravall, & Svoboda, 2001) and strengthening of local con-
nectivity within L2/3 (Clem & Barth, 2006; Clem, Celikel, & 
Barth, 2008; Feldmeyer, Lübke, & Sakmann, 2006; Itami & 
Kimura, 2012; Wen & Barth, 2011). In parallel to the matu-
ration of cortical connectivity, spontaneous activity trans-
forms from highly correlated bursts of action potential firing 
(Khazipov & Luhmann, 2006; Yang, Hanganu‐Opatz, Sun, 
& Luhmann, 2009) to desynchronized and sparse activity in 
the second postnatal week (Golshani et al., 2009; Luhmann & 
Khazipov, 2018). The functional maturation of barrel cortex 
circuitry is also reflected in layer‐specific changes in sensory‐
evoked activity around P14, with increasing response selectiv-
ity to different stimuli and reduced adaptation (van der Bourg 
et al., 2017). Furthermore, increased lateral spread of responses 
to single‐whisker deflections across neighboring barrel col-
umns as well as enhanced communication with other sensory 
areas are observed at the onset of whisking behavior and con-
sidered to be essential for multisensory integration of tactile in-
formation (Ackman, Zeng, & Crair, 2014; van der Bourg et al., 
2017; Quairiaux, Megevand, Kiss, & Michel, 2011).
Responses of individual barrel cortex neurons to isolated 
single‐whisker stimulation are well studied (Brecht, Roth, & 
Sakmann, 2003; Hemelt, Kwegyir‐Afful, Bruno, Simons, & 
Keller, 2010; Manns, Sakmann, & Brecht, 2004). However, 
during active tactile exploration rodents contact objects with 
multiple whiskers, resulting in complex and spatiotemporally 
diverse activation patterns (Wolfe et al., 2008). Neurons in 
S1 are highly sensitive to such stimuli and respond differen-
tially to distinct directional force components exerted on the 
whisker upon touch as well as timing of touch events during 
active whisking (van der Bourg et al., 2017; Diamond, von 
Heimendahl, Knutsen, Kleinfeld, & Ahissar, 2008; Pammer 
et al., 2013). Previous studies using sequential stimulation of 
two neighboring whiskers (NW) with varying inter‐stimulus 
intervals (ISIs) increased our understanding of the cortical 
signal processing to multi‐whisker stimulation. Most of the 
studies found that deflection of the NW suppresses neuronal 
responses evoked by principal whisker (PW) deflection for 
up to 100 ms (Boloori, 2006; Erchova, Petersen, & Diamond, 
2003; Higley & Contreras, 2005). Besides this suppression 
effect, other studies found facilitation of PW responses by 
preceding deflection of a NW within 10 ms (Ego‐Stengel, 
Mello e Souza, Jacob, & Shulz, 2005; Kida, Shimegi, & Sato, 
2005; Shimegi, Akasaki, Ichikawa, & Sato, 2000). These dis-
crepancies possibly are due to differences in experimental 
procedures, e.g. the ISI range used or the different types of 
cortical layers and cells targeted by the specific electrophysi-
ological techniques (Ego‐Stengel et al., 2005).
Here, we applied a novel whisker stimulator (van der 
Bourg et al., 2017) to examine spatiotemporal processing 
of neuronal responses to single‐ and dual‐whisker stimuli in 
developing mouse barrel cortex of three defined age groups 
(before, during, and after the emergence of active whisking). 
We recorded multi‐unit activity (MUA) in anatomically well‐
defined locations and applied single‐ and dual‐whisker stim-
uli in a systematic manner. Our experimental results reveal a 
substantial refinement of spatiotemporal processing of whis-
ker‐evoked activity in mouse barrel cortex around the onset 
of active whisking behavior.
2 |  MATERIALS AND METHODS
2.1 | Animal surgery and preparation
All preparations and experiments were approved by the 
local German ethics committee (#23177‐07/G10‐1‐010) 
and followed European and German regulations 
(European Communities Council Directive, 86/ 609/ECC). 
Electrophysiological experiments were conducted in 18 
C7BL/6 mice (nine males and nine females) at ages rang-
ing from P11 to P27. Mice were sedated with chlorprothix-
ene (0.1 g/kg, intraperitoneal injection, i.p.; Sigma‐Aldrich 
Chemie GmbH, Buchs, Switzerland) and anesthetized with 
urethane (0.25–0.5 g/kg, i.p.). Body temperature was main-
tained at 37°C with a heating pad. Hydration levels were 
checked regularly and maintained by subcutaneous injec-
tions of Ringer‐lactate (Fresenius Freeflex; Fresenius Kabi 
AG, Oberdorf, Switzerland). Sufficient depth of anesthesia 
was evaluated regularly by testing absence of the hind paw 
pinch withdrawal reflex. Spontaneous whisker movements 
were not observed during anesthesia.
A custom‐built head plate was glued to the skull with 
dental cement (Caulk Grip Cement) to secure and stabilize 
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the animal's head during electrophysiological recordings. 
After identifying the location of the C1 and C2 barrel col-
umns through the skull using intrinsic optical imaging, a 
small cranial window of 1.5 × 1.5 mm2 was opened with a 
sharp razor blade and superfused with Ringer's solution (in 
mM: 145 NaCl, 5.4 KCl, 10 HEPES, 1 MgCl2, 1.8 CaCl2; pH 
7.2 adjusted with NaOH). The exposed neocortex was then 
penetrated by the multi‐electrode array impregnated with DiI 
(1,1′‐dioctadecyl‐3,3,3′,3′‐tetramethyl indocarbocyanine; 
Molecular Probes, Eugene, OR) and sealed with agarose 
(type III‐a, 1% Ringer; Sigma).
2.2 | Galvanometer‐driven whisker 
stimulation
Whisker stimulation was performed with two galvanometer‐
driven stimulation system using optical fibers attached to 
individual whiskers as described previously (van der Bourg 
et al., 2017). One stimulation fiber was attached to each the 
C1 and C2 whisker, respectively, considering variations in 
resting position angles and relative anterior‐posterior shifts. 
The stimulation fibers were fixed and secured with Plasticine 
on top of a custom‐built holder plate and secured and trans-
lated with a micro‐manipulator. Deflections were applied 
in the rostrocaudal direction with varying amplitudes and 
ISIs. The individual stimulation pulses consisted of a 100‐
Hz phase‐shifted cosine wave with varying peak velocities.
2.3 | Intrinsic optical imaging
The C1 and C2 barrel columns were identified using optical 
imaging of intrinsic signals. Reference images of the corti-
cal blood vessel pattern were visualized by a 546‐nm LED 
to enhance contrast. Functional maps of the targeted barrel 
columns were obtained by shining red light (625 nm LED) on 
the cortical surface while stimulating the C1 or C2 whiskers 
individually. A single whisker was deflected with a protrud-
ing device consisting of a miniature solenoid actuator which 
was controlled by a transistor‐transistor logic pulse. The ac-
tuator tip was placed orthogonal to the base of the whisker 
around 2 mm from the snout. Whiskers were stimulated ros-
tro‐caudally with peak velocity of 1,140°/s. Stimuli were pre-
sented for 5 s at 5 Hz with 8 s ISIs. Reflectance images were 
collected with a MiCam ultima L high‐speed camera system 
(Scimedia, Costa Mesa, CA; 100 × 100 binned pixels, for 
100 μm per pixel). Using a C‐mount extension tube, the field 
of view was limited to 2.6 × 2.6 mm2 to reduce vignetting 
(26 μm pixel size, 500 fps). Functional intrinsic signal images 
were computed as fractional reflectance changes relative to 
the pre‐stimulus average across 10 trials. The intrinsic signal 
images obtained for the C1 and C2 barrel columns were then 
mapped to the blood vessel pattern to guide the location of 
the craniotomy and insertion of the multi‐electrodes.
2.4 | High‐density multi‐electrode 
recordings in vivo
Neural activity was recorded with a 4‐shank 80‐channel sili-
con probe (NeuroNexus Technologies, Ann Arbor, MI) in-
serted perpendicular into the C1 and C2 columns of barrel 
cortex. Each of the four shanks (length 3 mm) contained 20 
recording sites spaced 50 μm apart. The distance between 
shanks was 150 μm. Insertion of the probe was guided by 
intrinsic optical imaging. Before insertion, the probe was 
impregnated with the DiI (1,1′‐dioctade‐ cyl‐3,3,3′3′‐tetra-
methylindocarbocyanine; Molecular Probes, Eugene, OR) 
which was dissolved in 70% ethanol. The tracks of the four 
shanks were identified by the DiI fluorescence. All data were 
continuously digitized at 20 kHz and stored offline on a 256‐
channel extracellular recording system running MC_Rack 
software (Multi Channel Systems, Reutlingen, Germany).
2.5 | Histology
After each experiment, the animal was deeply anesthetized 
with ketamine (120 mg/kg, ketamine, 50 mg/ml; Hameln 
Pharma, Hameln Germany) and xylazine (5 mg/kg, Rompun 
2%; Bayer, Leverkusen, Germany) and perfused through the 
aorta with 0.2 M phosphate‐buffered saline. The brain was 
post‐fixed in 4% paraformaldehyde as described in detail 
previously (van der Bourg et al., 2017). The brains were sec-
tioned tangentially (200 μm thickness). First, we checked the 
DiI fluorescence to identify the tracks of the four shank probe; 
subsequently, brain slices were stained with cytochrome‐oxi-
dase (COX) to identify the barrel map. Combining the DiI 
fluorescence with the COX‐barrel map, we could verify the 
location of the electrodes in C1 or C2 barrels.
2.6 | Analysis of current‐source 
density maps
Current‐source density (CSD) maps were computed as the sec-
ond spatial derivative from the average local field potentials 
(LFPs) of up to 100 trials as described previously (Mitzdorf, 
1985; Nicholson & Freeman, 1975; Reyes‐Puerta, Sun, Kim, 
Kilb, & Luhmann, 2015). The computed data were interpolated 
and visualized as pseudo‐color images with current sources and 
sinks represented by red (positive) and blue (negative) colors 
respectively. Early CSD sinks expected for the thalamo‐recipi-
ent L4, L5, and L6 (Figure 1b,c) were used to assign recording 
sites to cortical layers (Reyes‐Puerta et al., 2015).
2.7 | Analysis of evoked MUA
Data were imported and analyzed offline using MATLAB (v7.7; 
Mathworks, Natick, MA). The continuously recorded raw data 
signals were high‐pass filtered (0.8–5 kHz) and MUA was 
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extracted by applying a threshold at 7.5 times the standard devia-
tion of the baseline (SD). According to the onset of stimuli, the 
peri‐stimulus time histograms were calculated with a resolution 
of 1 ms bin and then smoothed by 5 ms sliding window averag-
ing. The peak of evoked MUA firing rate and the mean MUA 
firing rate in this study were calculated with subtraction of the 
baseline mean firing rate (before stimulus onset time 100 ms).
2.8 | Effect size calculation
We calculated the η2 to evaluate the effect size of stimulus 
velocities, ages, and their interaction on the evoked MUA 
using the mes2way function in the MES toolbox (Hentschke 
& Stüttgen, 2011). The η2 was calculated as
where SSeffect denotes the sums of squares for the effect of 
interest and SStotal denotes the total sums of squares for all 
effects, interactions, and errors in the ANOVA.
2.9 | Statistical analysis
The majority of data were represented as box plots, in which 
the central line marks the median, the edges represent the 
25th and 75th percentiles, the whiskers extend to the most 
extreme data points, and outliers are plotted individually. We 
performed D'Agostino & Pearson omnibus normality tests 
to test for normal distribution of the data. Paired t‐test, and 
one‐ or two‐way ANOVA were used to test for significance 
for normally distributed data, followed by post‐hoc Tukey's 
multiple comparison test. The Wilcoxon signed‐rank test or 
Kruskal–Wallis test were used for non‐normally distributed 
data, followed by Dunn–Sidak's post‐hoc multiple compari-
son test. The significance threshold was set to p < 0.05; in 
the figures, different degrees of evidence against the null hy-
pothesis are indicated by asterisks (*p < 0.05; **p < 0.01; 
***p < 0.001).
3 |  RESULTS
3.1 | Measuring neuronal activity in 
developing barrel cortex with silicon probes
We recorded neuronal activity by inserting silicon‐probes 
into barrel cortex of urethane‐anesthetized mice in three dif-
ferent age groups: before eye opening and whisking onset 
(P11–12), during the critical period (P13–15) and afterwards 
(P23–27) (Figure 1a). We measured LFPs and MUA simul-
taneously across all layers of the C1 and C2 barrel columns 
휂
2
=
SS
effect
SS
total
F I G U R E  1  Multi‐electrode array recordings of neuronal activity in C1 and C2 barrel‐related columns following stimulation of whisker C1 (b) or C2 
(c). (a) Schematic diagram of multi‐electrode array placement in a schematic top view of the barrel field (top) and the stimulation of the C1 or C2 whiskers 
using galvanometer‐driven stimulation system 1 and 2 (G1 and G2, bottom). (b) Example neuronal responses to C1 whisker stimulation in a P13 mouse. 
Representative local field potential (LFP, (b1) recordings across layers and their corresponding current‐source density (CSD, (b2) maps computed from 100 
stimulation pulses applied to the C1 whisker (half‐cosine pulse, 10 ms pulse‐width, 1,140°/s peak velocity). CSD sinks are indicated by blue and sources by 
red colors. The corresponding evoked multi‐unit activity (MUA, (b3) on all channels for the same single‐whisker stimulation. The borders between cortical 
layers were identified from the CSD maps. (c) Same as in b but for stimulation of the C2 whisker. [Colour figure can be viewed at wileyonlinelibrary.com]
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(Figure 1b,c) while stimulating one or two whiskers with 
high temporal and spatial precision using a galvanometer‐
driven whisker stimulator (van der Bourg et al., 2017). Our 
stimulation protocol consisted of single‐whisker stimulation 
with different stimulus velocities (Figure 2a), single‐whisker 
paired‐pulse stimulation with varying ISIs (Figure 4a), and 
dual‐whisker stimulation where the C1 and C2 whiskers were 
deflected sequentially with varying ISIs (Figure 6a). These 
specific stimulus sets allowed us to study the neural repre-
sentation of spatiotemporally distinct stimuli in developing 
mouse barrel cortex.
3.2 | Layer‐specific modulation of sensory‐
evoked responses by varying stimulus velocity
First, we asked how neurons in different layers and age groups 
encode single‐whisker deflections with different stimulus 
velocities (Figure 2a). At all age groups, MUA in L2/3 and 
L4 evoked by single‐whisker stimulation at high stimulus 
velocity (1,140˚/s) displayed a fast component followed 
by a slow component (Figure 2b). Therefore, we analyzed 
MUA across all layers and age groups by subdividing the 
response into an “early” (0–50 ms) and “late” (50–150 ms) 
F I G U R E  2  Age‐dependent changes in evoked multi‐unit activity (MUA) following single‐whisker stimulation with different stimulus 
velocities. (a) Schematic diagram of single‐whisker stimulation with different stimulus velocities (10 ms half‐cosine pulses with peak velocities 
ranging from 57°/s to 1,140°/s). (b) Average of evoked MUA in different cortical layers from three age groups induced by different stimulus 
velocities. For each animal, after identifying the cortical layers according to the evoked current‐source density map (Figure 1), we separately 
selected four electrodes corresponding to the centers of L2/3, L4, L5, and L6 for the analysis. (c) Quantification of the peak amplitude of the early 
response (0–50 ms after stimulus onset) for all stimulus velocities and layers (c1), and the difference of MUA firing rates between different stimulus 
velocities (c2). (d) Quantification of the mean firing rate in the late response window (50–150 ms after stimulus onset) for all stimulus velocities 
and layers. Data points are mean ± SEM (n = 12 recordings from six mice per age group). Note: number (gray color) in c1 and d show η2 values 
to indicate effect sizes of stimulus velocities and ages. The repeated measures ANOVA were used in c2 followed by post‐hoc Tukey's multiple 
comparison test. [Colour figure can be viewed at wileyonlinelibrary.com]
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component (Figure 2c,d). We found that low‐velocity 
whisker deflections (<60˚/s) resulted in barely detectable 
sensory‐evoked responses, comparable to spontaneous ac-
tivity (<50 spikes per s) in all layers. Higher stimulus ve-
locities resulted in increasingly higher spike rates across all 
layers (Figure 2b). Interestingly, the increase in spike rate 
displayed a layer‐specific and age‐dependent response pro-
file differently for the early and late response. For the early 
response, MUA firing rates in all layers increased signifi-
cantly with increasing stimulus velocities (η2 > 0.5), but the 
curves of MUA firing rate were similar across age groups 
(η2 < 0.05) (Figure 2c1). In addition, at a stimulus velocity 
F I G U R E  3  Temporal refinement of sensory‐evoked multi‐unit activity (MUA) after single‐whisker deflection at 1,140°/s. (a) Mean evoked MUA 
after single‐whisker deflection in different cortical layers and age groups (n = 8 recordings from four mice for P11–12 and P13–15 age groups; n = 10 
recordings from five mice for P23–27 age group). T1: −200 ms to 0 ms before stimulus onset. T2: 0–50 ms; T3: 50–150 ms; T4: 150–250 ms; T5: 
900–1,000 ms after stimulus onset. In the upper channel of L4, late responses are marked. Arrowheads in L5 for the P23–27 age group indicate transient 
inhibition of the MUA responses. (b) Superimposed mean evoked MUA at 0–50 ms post‐stimulus in the three age groups. Same data as in (a), but on 
expanded time scale. (c) Mean baseline firing rates (−200 to 0 ms before stimulus onset) in different cortical layers and age groups. (d) MUA firing rate 
of early responses. (e) Peak time of early responses. (f) Mean MUA firing rate during 50–150 ms after stimulus onset. (g) Mean MUA firing rate during 
150–250 ms after stimulus onset. Note: negative MUA firing rate in deeper L5 (black arrowhead as indicated in panel a) for the P23–27 age group. (h) 
Mean MUA firing rate during 900–1,000 ms after stimulus onset. (i) Duration of late response activity in L4 (from the end of early response to the time 
point when MUA activity declined below the onefold standard deviation of the baseline, see panel a). (j) Comparison of mean firing rate at 150–200 ms in 
L5 of the three age groups. Statistics: Kruskal–Wallis test for panel c–h, Kruskal–Wallis test followed by Dunn–idak's post hoc multiple comparison test 
for panel i, and Wilcoxon matched‐pairs signed rank test to compared with value 1 for panel j. [Colour figure can be viewed at wileyonlinelibrary.com]
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of 285˚/s the MUA firing rate in L2/3 was significantly 
higher in the P23–27 than P11–12 age group. Furthermore, 
analyzing the difference of MUA firing rates between dif-
ferent stimulus velocities, we found that in L2/3 and L4, the 
evoked MUA of the P13–15 and P23–27 age groups reached 
a plateau already at a stimulus velocity of 570°/s, which in 
L5 was the case only for the P23–27 age group (Figure 2c2). 
These results demonstrate that the whisker‐to‐barrel cortex 
system increases its sensitivity to single whisker deflection 
during early development. For the late response, we found 
a similar dependence of MUA mean firing rate on stimulus 
velocities in L2/3, L4 and L5 (0.21 < η2 < 0.3; all signifi-
cant), but not for L6 (η2 = 0.08) (Figure 2d). However, in 
stark contrast with the minor differences between age groups 
for the early response (η2 < 0.04), we found a significant re-
duction in late response MUA with age in all layers, most 
notably in L4 and L6 (significant main or interaction effects, 
or both; 0.05 < η2 <0.19).
3.3 | Maturation of temporal processing of 
whisker‐evoked responses
Next, we investigated how sensory information is processed 
across cortical layers using our strongest single whisker 
deflection (1,140°/s) because this stimulation induced the 
most robust response in all cortical layers and age groups 
(Figure 3). Several changes in MUA were observed dur-
ing development (Figure 3a,b). First, baseline firing rate 
F I G U R E  4  Sensory‐evoked multi‐unit activity (MUA) activity after paired‐pulse stimulation with different inter‐stimulus intervals (ISIs). (a) 
Schematic illustration of paired‐pulse single‐whisker stimulation with 1,140°/s stimulus velocity and ISIs ranging from 25 to 1,000 ms. (b) Heatmaps 
of MUA in the principal whisker‐related barrel column (c1) after paired‐pulse single whisker deflections with different ISIs. Examples from individual 
mice aged P11, P14, and P27 respectively. (c) Average MUA following paired‐pulse stimulation with different ISIs for the three age groups. (d) Average 
paired‐pulse ratio (PPR, second vs. first) of peak responses in different layers for the three age groups (n = 12 recordings from six mice per age group). 
Statistics: Kruskal–Wallis test followed by Dunn–Sidak's post hoc multiple comparison test. [Colour figure can be viewed at wileyonlinelibrary.com]
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increased significantly across all cortical layers between the 
P11–12 and P23–27 age groups (Figure 3a,c). Second, the 
peak firing rate of the early responses decreased significantly 
in deep L2/3 and L4, but increased significantly in deep L5 
during development (Figure 3b,d). Third, the peak latency of 
the early response decreased significantly across all cortical 
layers between P11–12 and P23–27 (Figure 3b,e). Fourth, in 
the P11–12 age group, we observed a strong and persistent 
late response lasting several hundreds of milliseconds, espe-
cially in L4 and, to a lesser extent, ranging from deep L2/3 to 
upper L5 (Figure 3a). The strength and duration of this late 
response gradually declined at P13–15 and P23–27, demon-
strating a developmental refinement of sensory‐evoked ac-
tivity after single‐whisker deflection (Figure 3f–i). Finally, 
we could also detect a significant inhibition in MUA activity 
around 150–250 ms after stimulus onset in deep L5 in the 
P23–27 age group (Figure 3a, g and j). The developmental 
temporal refinement of sensory‐evoked activity was also sig-
nificantly for 570°/s whisker deflection and the same trend 
was additionally observed for 285°/s whisker deflection, al-
beit not reaching significance (Figures S1 and S2).
3.4 | Temporal sharpening of MUA evoked 
by paired‐pulse single whisker deflections
Next, we studied how paired‐pulse single whisker deflec-
tions with a wide range of ISIs (25–1,000 ms) are processed 
in different cortical layers (Figure 4). We found that the 
paired‐pulse ratio (PPR) of the early peak responses revealed 
layer‐specific changes across development (Figure 4b–d). In 
all three age groups and in all layers, the second response 
for 1,000 ms ISI was minimally reduced compared to the 
first response except for L5, which displayed ~30% reduc-
tion in the second versus first peak‐response in the P11–12 
age group (Figure 4c,d). For 250 and 500 ms ISIs, a signifi-
cant reduction in the second response compared to the first 
response was observed at P11–12 and P13–15, but not at 
P23–27. For 25 ms ISI, the second response were strongly 
reduced in all layers of the P11–12 and P13–15 age groups, 
whereas at P23–27 similar reductions were found only in L5 
and L6 but not in L2/3 and L4 (Figure 4c,d). These results 
demonstrate that during development the temporal precision 
and discriminability of MUA responses evoked by repetitive 
whisker stimulation increases at short ISI (25 ms), especially 
in L2/3 and L4.
3.5 | Cross‐columnar spread of early 
responses increases during development
Next, we addressed the question how single‐whisker de-
flection evoked activity propagates to neighboring cortical 
columns (Figure 5a). Consistent with our previous study, 
in which we applied repetitive single whisker stimuli (van 
der Bourg et al., 2017), we found increased cross‐columnar 
F I G U R E  5  Changes in cross‐columnar spread during development. (a) Heatmap showing multi‐unit activity (MUA) for the first 500 ms in 
the principal (C1) and neighboring (C2) barrel column after single‐whisker deflection (1,140°/s). Examples from recordings of individual mice aged 
P11, P14, and P27 respectively. (b) Average MUA in different layers of principal (purple) and neighboring (orange) barrel column for all mice (n = 12 
recordings from six mice per age group). Note: inset shows the MUA peak delay of early response (0–50 ms) in neighboring barrel column than 
principal barrel column. (c) Analysis of peak MUA for the early response (0–50 ms) in different layers of the principal (purple color) and neighboring 
(orange color) barrel column for all mice. (d) Analysis of the mean MUA for the late response (50–150 ms) in different layers of the principal (purple 
color) and neighboring (orange color) barrel column for all mice. Statistics: paired t‐test. [Colour figure can be viewed at wileyonlinelibrary.com]
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spread of activity with development (Figure 5b). At P11–
12 and P13–15, the early MUAs in the neighboring barrel 
column were significantly smaller in all layers than in the 
principal column (Figure 5c). However, this difference was 
almost completely absent at P23–27, which was mostly due 
to an increase in response strength in the neighboring bar-
rel column (rather than a decrease in the principal column). 
Although the amplitude of the MUA response in the neigh-
boring barrel column reached the same level of the principal 
barrel column at P23–27, there is a clear peak time delay of 
the evoked MUA in neighboring than principal barrel column 
(Figure 5b, insets; p < 0.001 in L2/3, L4 and L6; p < 0.05 in 
L5; n = 12 both for principal and neighboring barrel column, 
paired‐t test). In contrast with the early response, we ob-
served a developmental decline in the late response strength 
both in principal and neighboring barrel columns especially 
in L2/3 and L4 (Figure 5d).
3.6 | Sequential dual‐whisker stimulation 
elicits distinct barrel‐specific activity profiles
As outlined in the Introduction, exploratory locomotion is 
characterized by complex spatiotemporal stimulation profiles 
of the entire whisker array. To investigate the developmental 
trajectory of spatiotemporal processing in a controlled man-
ner, we sequentially stimulated the PW and the NW with 
varying ISIs, with PW deflection either preceeding or follow-
ing NW deflection (Figure 6a). As expected, these different 
PW–NW stimulation sequences resulted in differential acti-
vation profiles (Figure 6b and Figures S3–S5). Stimulating 
the NW first resulted in unchanged or only slightly reduced 
PW‐evoked MUA responses in L2/3 and L4 of the principal 
column across all age groups and regardless of ISI. However, 
in L5 and L6 we observed a moderate (P11–12) to strong 
(P13–15, P23–27) reduction in PW‐responses, especially 
with 50 ms ISI (Figure 6c; NW→PW, purple traces). When 
deflecting the PW first, NW‐evoked responses were gener-
ally small and could only be clearly discerned at ISIs of 50 
and 100 ms. We observed a developmental reduction in the 
ratio of NW‐evoked peak responses by deflecting the PW 
prior at 50 ms but not at 100 ms ISI (Figure 6c; PW→NW, 
orange traces; Figure 6d). These results suggest an increase 
in the strength of cortico‐cortical connectivity and imply an 
increased center‐surround suppression of sensory‐evoked 
activity.
4 |  DISCUSSION
We have characterized the developmental profile of whisker‐
evoked responses in mouse barrel cortex between P11 and 
P27. The main findings of the present study are the follow-
ing: (a) Single‐whisker deflections evoked similar early 
responses in all layers and all age groups. The long‐lasting 
elevated firing rate in the late response was most prominent 
in L4 and decreased during development. (b) During devel-
opment the latency of the early responses and the duration of 
the late responses to high and medium velocity stimulation 
decreased. (c) Paired‐pulse whisker stimulation revealed a 
layer‐specific suppression of the response to the second stim-
ulus, which was most pronounced in younger animals and at 
short ISIs (25 ms). (d) The trans‐columnar spread of early 
activity increased during development. (e) Sequential activa-
tion of two NW at varying ISIs revealed a strong suppression 
of the second response, which was most pronounced in >P13 
animals. In summary, our data demonstrate a developmen-
tal sharpening in the temporal processing of whisker‐evoked 
activity around and after the onset of active whisking behav-
ior which is in‐line with the previous findings in visual and 
barrel cortex (Colonnese et al., 2010; Minlebaev, Colonnese, 
Tsintsadze, Sirota, & Khazipov, 2011).
4.1 | Developmental changes of single‐
whisker evoked activity
Spontaneous baseline firing rate gradually increased with de-
velopment in all cortical layers and was highest in all age 
groups in L4 (Figure 3c). The distribution of spontaneous 
firing rate across layers was correlated with the distribution 
of cell density in cortical layers of barrel cortex, especially, 
highest in L4 (Meyer et al., 2013). Because the cortical 
neuronal density and the thickness of cortical layers do not 
change substantially from P11 to P27 (Chang, Suzuki, & 
Kawai, 2018), the comparisons of amplitudes of evoked MUA 
across development in this study are not strongly influenced 
(biased) by the change of cortical neuronal density during de-
velopment. A large number of previous studies in adult barrel 
cortex have demonstrated that neurons are highly sensitive to 
velocity and acceleration of whisker stimulation with spikes 
rates increasing at higher stimulus velocities (Lee & Simons, 
2004; Wilent & Contreras, 2004). Our results corroborate 
these previous findings in adult rodents and further show that 
neurons in all layers increase their sensory‐evoked spiking 
rates with increasing stimulus velocity across all age groups 
(Figures 2 and 3). Interestingly high firing rates in the early 
response could be already observed in L2/3 and L4 of P11–
12 animals (Figure 2c), demonstrating that the sensory input 
strongly activates these layers at surprisingly early develop-
mental stages. In all layers the latency of the first response 
(Figure 3b) became progressively shorter with development, 
reflecting the maturation of synaptic connections in the 
whisker‐to‐barrel cortex pathway (Feldmeyer et al., 2013). 
Another important finding of our study is the pronounced late 
MUA response in the younger age groups, which as the early 
response was strongest in L2/3 and L4 (Figures 2d and 3f–i). 
This late evoked response progressively decreased during 
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further development and was weak or absent in infragranu-
lar layers. This developmental change presumably is gov-
erned by maturation of local connectivity, including changes 
in synapse density (Chandrasekaran et al., 2015) and local 
connectivity between L4‐to‐L2/3 and L2/3‐to‐L2/3 neurons 
(Stern et al., 2001; Wen & Barth, 2011). Another explana-
tion for this developmental reduction in the late response 
may be the maturation of the inhibitory network (Shoykhet, 
Land, & Simons, 2005), which is supported by our finding of 
clear inhibition of MUA in deep L5 emerging in the P23–27 
age group (Figure 3g,j). This hypothesis is supported by the 
developmental maturation of GABAergic inhibition in ro-
dent neocortex (Luhmann & Prince, 1991). Further plausi-
ble causes could involve the development of layer‐specific 
densities in GABAergic interneurons in barrel cortex (Lefort, 
Tomm, Floyd Sarria, & Petersen, 2009; Meyer et al., 2011).
4.2 | Possible effects of urethane anesthesia 
on the evoked MUA activity
Urethane has been widely used in in vivo experiments as an-
esthetics due to its long‐lasting effect and minimal impact 
on cardiovascular and respiratory function (Maggi & Meli, 
1986). However, various effects on neurotransmitter‐gated ion 
channels have been reported. For example, urethane potenti-
ates nicotinic acetylcholine, GABAA, and glycine receptors, 
whereas it inhibits NMDA and AMPA glutamate receptors 
(Hara & Harris, 2002). Urethane also changes sensory‐evoked 
responses in visual, auditory, and somatosensory cortex in 
a dose‐dependent manner (Capsius & Leppelsack, 1996; 
Devonshire, Grandy, Dommett, & Greenfield, 2010; Durand 
et al., 2016; Peng, Zhou, Shi, Hua, & Hua, 2011; Simons, 
Carvell, Hershey, & Bryant, 1992). In barrel cortex, Simons 
et al. (1992) reported that the early component of single‐
whisker evoked MUA was only slightly reduced, indicating 
that our analysis of early response components should be little 
affected by anesthesia. However, their study also found that the 
late component of evoked MUA was strongly enhanced under 
1.5 g/kg urethane anesthesia when compared with the awake 
condition. In particular, the late component of MUA evoked by 
NW stimulation was strongly increased under urethane anes-
thesia (Simons et al., 1992). In order to reduce such an urethane 
effect on evoked MUA in our current study we first sedated 
mice with chlorprothixene and then applied lower doses of ure-
thane (0.25–0.5 g/kg, i.p.) compared to previous studies (typi-
cally 1.5 g/kg; Durand et al., 2016; Pagliardini et al., 2013). In 
contrast with the observations by Simons et al. (1992), NW 
stimulation in our study did not evoke strong late MUA com-
ponents in P23–27 age group (Figure 5). This suggests that the 
influence of urethane on evoked MUA was not as strong in our 
study. Our finding that the late‐component response duration 
shortens during development is also unlikely to be due to an 
urethane effect because a similar observation has been reported 
in the visual cortex of awake mice (Shen & Colonnese, 2016). 
Nonetheless, it will be important and interesting to investigate 
the developmental profile of whisker‐evoked cortical activity 
under more naturalistic and awake conditions.
4.3 | Developmental profiles of paired‐pulse 
stimulation evoked MUA
Paired‐pulse stimulation is commonly used to study the tempo-
ral properties of neuronal excitability (David‐Jürgens & Dinse, 
2010). Previously, a strong suppression of the response to the 
second stimulation has been shown in P7 mice even at long 
ISIs up to 5 s (Zehendner, Tsohataridis, Luhmann, & Yang, 
2013). Here, we extended the investigation of developmental 
changes in PPR to the period between P11 and P27. The low 
PPR from 25 to 1,000 ms ISI in the P11–12 group (Figure 4) 
may be due to the high MUA firing rate of the late response to 
the first single whisker deflection, which can persist for more 
than a second (Figures 2 and 3). This reverberating activity 
may interfere with a re‐activation of the MUA by the second 
whisker deflection. At P23–27 this mechanism is weaker be-
cause at this age the late response is shorter (~200 ms) and 
MUA firing rates are lower. Thus, at P23–27 PPR is near 
100% for all ISIs. Our data demonstrate a gradual reduction in 
paired‐pulse suppression during development, suggesting that 
mice gradually develop the ability to distinguish two succes-
sive stimuli more precisely, even at short ISIs of 25 ms.
F I G U R E  6  Multi‐unit activity (MUA) activity after sequential deflection of the principal whisker (PW) and the neighboring whisker (NW). (a) 
Schematic illustration of the stimulation paradigm. Whiskers were either sequentially activated by deflecting the NW first followed by PW stimulation 
(NW→PW) or by deflecting the PW first followed by NW stimulation (PW→NW). ISIs varied between 5 and 100 ms. (b) Mean evoked MUA in L2/3 
of principal barrel column following the set of different dual‐whisker stimulation sequences (n = 12 recordings from six mice per age group). Gray 
arrowheads indicate onsets of NW stimulation; black arrowheads indicate onsets of PW stimulation. Black and gray circles indicate the peak MUA 
following PW and NW stimulation, respectively. Note clear MUA peaks following NW stimulation for ISIs of −100 ms, −50 ms, 50 ms and 100 ms. 
(c) MUA when NW is stimulated prior to PW. Average ratio of peak response to PW stimulation at −5, −10, −20, −50, and −100 ms ISIs (black circles 
in b) to peak response at 100 ms ISI (lower trace in b). Statistics: Wilcoxon signed‐rank test. (d1) MUA when PW is stimulated prior to NW at 50 and 
100 ms ISI. Average ratio of peak response to NW stimulation at 50 and 100 ms ISI (gray circles in b) to peak response at −100 ms ISI (upper trace in b). 
Statistics: Wilcoxon signed‐rank test. (d2) Analysis of the ratio of peak response for NW stimulation at 50 and 100 ms conditions of all layers and all age 
groups. The ratios of peak response were calculated as the peak of MUA evoked by NW stimulation in 50 or 100 ms ISI conditions compared to −100 ms 
ISI. Statistics: Kruskal–Wallis test followed by Dunn–Sidak's post hoc multiple comparison test. [Colour figure can be viewed at wileyonlinelibrary.com]
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4.4 | Cross‐columnar spread of 
evoked activity
Analyzing the early response to single whisker stimulation in 
combined VSDI and multi‐electrode LFP recordings, we could 
previously demonstrate in P0–P1 rat barrel cortex a functional 
topographic map as early as P0. At this age, the early response 
consisted of a gamma burst restricted to a local area of ~400 μm 
in diameter and the late response of a spindle burst activity cov-
ering a larger area of ~600 μm (Yang et al., 2013). Until P5 
the evoked response was localized and starting from P6–P7, 
it spread to neighboring barrel‐related columns (Yang et al., 
2013). The area of the evoked response increased during further 
development from P7 to P21 (Borgdorff, Poulet, & Petersen, 
2007). In the present study we show that already at P11, the 
early response in all layers spread to the neighboring column 
(Figure 5a–c). The activity in the neighboring column became 
larger with increasing age from P11 to P27, demonstrating the 
development of cross‐columnar processing and multi‐whisker 
receptive fields as reported previously (van der Bourg et al., 
2017). This age‐dependent increase in the area of evoked re-
sponses and cross‐columnar activity spread is correlated with 
the structural development of neuronal connections within and 
between barrel‐related columns. The thalamocortical inputs 
to L4 neurons are established during the first postnatal week 
when the dendritic arborizations of L4 neurons develop within 
their own barrel column (Espinosa, Wheeler, Tsien, & Luo, 
2009). After the first postnatal week intracortical connections 
between L4 and L2/3 and within L2/3 (Lendvai, Stern, Chen, & 
Svoboda, 2000; Stern et al., 2001) are reaching neighboring col-
umns, thereby increasing the probability of cross‐columnar ac-
tivity spread as seen ~P14 in L2/3 (this study and (Wen & Barth, 
2011). With the developmental decrease in the amplitude of the 
late response, the propagation of the late evoked activity to the 
neighboring column also declined or even vanished (Figure 5d), 
leaving in P23–27 animals the early response as the main or 
only activity component for spatio‐temporal processing.
4.5 | Developmental profile of MUA evoked 
by sequential dual‐whisker stimulation
We found in barrel cortex of developing mice that sequen-
tial deflections of two NW evoked distinct response pro-
files, depending on the direction and temporal separation 
of the two stimuli. Neighboring whisker deflection only 
slightly influenced the PW‐evoked MUA in the principal 
barrel column. A suppression of the evoked response was 
found in L5 and L6. In contrast, PW deflection suppressed 
NW‐evoked MUA in the principal barrel column. Our 
findings suggest a developmental increase in surround sup-
pression of whisker‐evoked activity due to the functional 
maturation of inhibitory interneurons to increase lateral 
inhibition and sharpen the evoked response (Butt, Stacey, 
Teramoto, & Vagnoni, 2017; Le Magueresse & Monyer, 
2013).
4.6 | Association to stimulus coding under 
active whisking conditions
Although all of the experiments in this study were performed 
under passive stimulation conditions, several findings could 
relate to stimulus coding under active whisker conditions. 
First, the temporal refinement during development should 
improve phase coding‐based object localization (Kleinfeld 
& Deschênes, 2011). Second, in all layers the PPR at 25‐ms 
ISI increased with development (Figure 4). Along with the 
progressive reduction in the late response component, this 
allows the whisker system to better represent consecutive 
stick‐slip events occurring within short succession, as is the 
case for whisking on sandpaper (Wolfe et al., 2008). Third, 
the responses to NW stimulation increased with development 
(Figure 5). This result may indicate that the neural code for 
texture discrimination in the whisker system might not rely too 
much on coding whisker identity (Ahissar & Knutsen, 2008). 
On the other hand, the enhanced response might promote 
using a latency code (evaluating arrival times of spikes in a 
given column and in neighboring columns). Thus, a temporal 
refinement of whisker‐evoked responses as described here, in 
parallel to the onset of active whisking behavior, in our view 
is consistent with the demand of improved relevant stimulus 
feature extraction at this developmental stage. Clearly, barrel 
cortex dynamics during emerging active whisking behaviors 
warrants further investigations in the future.
4.7 | Potential mechanisms underlying 
developmental changes
In conclusion, we have shown that during postnatal develop-
ment sensory processing of single‐ and dual‐whisker stimuli 
in barrel cortex changes in a layer‐specific manner at the onset 
of whisking behavior. These changes include (a) increased 
temporal precision in responsiveness; (b) enhanced cross‐co-
lumnar spread of sensory evoked activity; and (c) sharpen-
ing of response specificity to paired and sequential whisker 
deflections. What mechanisms may underlie these changes? 
First, these changes temporally coincide with major structural 
changes at L4‐to‐L2/3 and L2/3‐to‐L2/3 synaptic connections 
(Stern et al., 2001; Wen & Barth, 2011). Second, functional 
maturation of the neocortical circuitry is modulated by en-
docannabinoids and neurotrophic factors. Endocannabinoids 
play an indispensable role on circuit formation of the barrel 
cortex (Li et al., 2009) and BNDF regulates the development 
of parvalbumin‐containg, fast‐spiking interneurons (Itami, 
Kimura, & Nakamura, 2007). Third, adaptations of the rules 
for spike‐timing‐dependent plasticity (STDP) could be im-
portant during this developmental period. A developmental 
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switch of STDP at L4‐L2/3 synapses has been reported in 
mouse barrel cortex between P13 and P15 (with induction of 
LTP before P13 and induction of LTP or LTD after P15; Itami 
& Kimura, 2012). This developmental change in the STDP 
rule may contribute to reorganization of thalamocortical and 
intracortical circuits (Itami & Kimura, 2016). Interestingly, 
the switch of STDP is associated with the developmental 
appearance of thalamus‐L2/3 synapses expressing cannabi-
noid type 1 receptor (Itami et al., 2016). It has been also sug-
gested that GABAergic interneurons may control STDP rules 
and that GABA acts as switch of Hebbian synaptic plastic-
ity (Paille et al., 2013). Such a mechanism would become 
operative at the end of the second postnatal week when fast 
feedforward suppression by prior activation of GABAergic 
interneurons appears in barrel cortex (Kimura et al., 2010). 
Given these evidences, we hypothesize that the integration 
and maturation of GABAergic interneurons during the critical 
period around P14 modifies STDP rules and further sharpens 
sensory‐evoked activity as reported in our study. Which spe-
cific subsets of interneurons are primarily involved in shaping 
these responses and which other cellular and circuit mecha-
nisms may be at play remain open questions for future studies.
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